We experimentally investigate the performance of an orbital angular momentum (OAM) multiplexed free space optical (FSO) communication link through emulated atmospheric turbulence. The turbulence effects on the crosstalk and system power penalty of the FSO link are characterized. The experimental results show that the power of the transmitted OAM mode will tend to spread uniformly onto the neighboring mode in medium-to-strong turbulence, resulting in severe crosstalk at the receiver. The power penalty is found to exceed 10 dB in a weak-to-medium turbulence condition due to the turbulence-induced crosstalk and power fluctuation of the received signal. The multiplexing of multiple orbital-angular-momentum (OAM) beams has emerged as a possible approach for increasing system capacity and spectral efficiency (SE) in free space optical (FSO) links [1] [2] [3] . Light beams carrying OAM can be described in the spatial phase form of expilφ(l 0; 1; 2; …), in which φ refers to the azimuth angle and l determines the OAM value [4] . One key characteristic of beams carrying OAM is that they have a helical phase-front and "doughnut" intensity shape when l ≠ 0, and they lie within an unbounded mode space (i.e., l can take any integer value) with each mode orthogonal to all of the others [1, 5] . This suggests that efficient multiplexing and demultiplexing of multiple independent and spatially overlapping data-carrying OAM beams could be performed with negligible crosstalk [3, 5] . Recent reports of FSO communication systems using OAM multiplexing have shown (1) a 2.56 Tbit∕s data transmission link with an SE of 95.7 bit∕s∕Hz by multiplexing 32 OAM modes [3] and (2) a free space data link with a total capacity of 100.8 Tbit∕s using OAM mode division multiplexing combined with wavelength division multiplexing [6] . However, these demonstrations are limited to fairly short distances, such that all the multiplexed beams are fully collected because their beam sizes do not exceed the receiver aperture's diameter in the absence of turbulence. It is known that inhomogeneities in the temperature and pressure of the atmosphere lead to variations of the refractive index along the transmission path. Given that there are multiple copropagating beams and that the orthogonality depends on the helical phase-front, these refractive index inhomogeneities will cause both degradation of a single OAM channel and intermodal crosstalk between different data channels with different OAM values [7] [8] [9] [10] , as shown in Fig. 1 . Under dynamic turbulent atmosphere conditions, these degradations are slowly time-varying processes with time scale on the order of milliseconds (much slower than the signaling period) [11], which might severely limit the distance and number of OAM beams that can be accommodated in FSO links [12, 13] .
The multiplexing of multiple orbital-angular-momentum (OAM) beams has emerged as a possible approach for increasing system capacity and spectral efficiency (SE) in free space optical (FSO) links [1] [2] [3] . Light beams carrying OAM can be described in the spatial phase form of expilφ(l 0; 1; 2; …), in which φ refers to the azimuth angle and l determines the OAM value [4] . One key characteristic of beams carrying OAM is that they have a helical phase-front and "doughnut" intensity shape when l ≠ 0, and they lie within an unbounded mode space (i.e., l can take any integer value) with each mode orthogonal to all of the others [1, 5] . This suggests that efficient multiplexing and demultiplexing of multiple independent and spatially overlapping data-carrying OAM beams could be performed with negligible crosstalk [3, 5] .
Recent reports of FSO communication systems using OAM multiplexing have shown (1) a 2.56 Tbit∕s data transmission link with an SE of 95.7 bit∕s∕Hz by multiplexing 32 OAM modes [3] and (2) a free space data link with a total capacity of 100.8 Tbit∕s using OAM mode division multiplexing combined with wavelength division multiplexing [6] . However, these demonstrations are limited to fairly short distances, such that all the multiplexed beams are fully collected because their beam sizes do not exceed the receiver aperture's diameter in the absence of turbulence. It is known that inhomogeneities in the temperature and pressure of the atmosphere lead to variations of the refractive index along the transmission path. Given that there are multiple copropagating beams and that the orthogonality depends on the helical phase-front, these refractive index inhomogeneities will cause both degradation of a single OAM channel and intermodal crosstalk between different data channels with different OAM values [7] [8] [9] [10] , as shown in Fig. 1 . Under dynamic turbulent atmosphere conditions, these degradations are slowly time-varying processes with time scale on the order of milliseconds (much slower than the signaling period) [11] , which might severely limit the distance and number of OAM beams that can be accommodated in FSO links [12, 13] .
In this Letter, we experimentally investigate the effects of turbulence on the crosstalk and system power penalty in an OAM multiplexed FSO link. Rotating phase screen plates with pseudorandom phase distributions obeying Kolmogorov spectrum statistics [11] are used to simulate moving turbulence in the laboratory environment. Our results show that turbulence will significantly spread the OAM power onto neighboring modes at medium-tostrong turbulence strengths, resulting in severe crosstalk at the receiver [13] . Consequently the system bit-error rate (BER) exhibits an error-floor phenomenon, and the power penalty is found to exceed 10 dB even under weak turbulence conditions.
The experimental setup is shown in Fig. 2 . A 1550 nm laser is sent to a thermally stable Mach-Zehnder modulator with a nested Mach-Zehnder interferometer structure to produce a 40 Gbit∕s quadrature phase-shift keying (QPSK) signal. The QPSK signal is amplified via a high-power erbium-doped fiber amplifier (EDFA) and filtered with a 2 nm bandwidth filter. The signal is then split into two paths, delayed relative to each other with fibers, and then delivered as two collimated Gaussian beams. These Gaussian beams (3 mm beam size) are then converted into three OAM beams with OAM values l 1, 3, 5 by two reflective spatial light modulators (SLMs) loaded with specific spiral phase patterns. SLM-1 generates OAM l 3, and by loading a superposition of two spiral phase patterns, SLM-2 generates OAM l 1, 5 simultaneously. To separate the OAM beams from the residual unmodulated Gaussian beam, a blazed "fork" pattern, which is a combination of the imposed pattern and a linear phase ramp, was employed. The resulting OAM beams are then combined together to form a concentric ring and expanded by a telescope system (lens 1, 2) before passing through the turbulence emulator.
The effects of turbulence are emulated by a thin phase screen plate that is mounted on a rotation stage and placed in the middle of the optical path. The pseudorandom phase distribution which obeys Kolmogorov spectrum statistics and is characterized by the effective Fried coherence length, r 0 , was machined into the plate [14, 15] . The strength of the simulated turbulence can be varied by changing to a plate with a different r 0 , changing the size of beam that is incident on the plate, or changing the number of passes through the plate. As the turbulent atmosphere also varies with time, it will lead to fluctuations of the received intensity and phase that are temporally correlated with cutoff frequency (correlation bandwidth) at about 0.1-1 kHz [11] . This frequency of the turbulence emulator can be adjusted by changing the incident position of the beam or the rotation speed [14] .
To relate the parameters of the emulated link to a practical atmospheric link, it is required that the Rytov variance σ 2 R , D∕r 0 , and Fresnel number D 2 ∕λL of the practical link equal the corresponding estimated values of the lab link [15] . Here λ denotes the wavelength, L is the link distance, and D is aperture diameter of the link, which can be obtained by measuring the beam diameter incident onto the phase plate. For a thin-screen model represented by the turbulence emulator of the setup [11] , the effective atmospheric structure constantC 2 n of the lab link is given bỹ
where C 2 n is the actual structure constant and d is the thickness of the phase screen. Then the Rytov variance for this link can be expressed as σ
5∕6 [15, 16] . This formula is valid for the case of a spherical wave and also holds in this experiment. With these parameters, a practical link can be adequately represented by the setup.
The beams exiting from the turbulence emulator are directed for measurements of average Strehl ratio, intensity distribution, crosstalk, and BER through three flip mirrors (FM1-3). Note that as the phase screen plate is rotated, passing through successive uncorrelated representations of turbulence, these measured signals will fluctuate temporally. Figure 3 presents the measured distribution of the received signal and the average Strehl ratio of the received images in order to verify the reliability and accuracy of the emulated turbulence. The phase plate, rotated at 40 rpm, leads to a cutoff frequency of about 10 Hz. It should be pointed out that in this case, the patterns loaded onto the SLMs were changed to a diffraction grating pattern to transmit the Gaussian beam (OAM l 0). The beam reflected from FM-2 is detected, digitized, recorded by an oscilloscope and subsequently processed to calculate the mean intensity and the scintillation index. As shown in Fig. 3(a) , the probability density function of the intensity signal is verified to follow a lognormal model with a correlation coefficient R 0.993, and the scintillation index σ 2 1 is found to be 0.187. The average Strehl ratio of the received images as a function of turbulence strength D∕r 0 is depicted in Fig. 3(b) . It is observed that the measured results are in reasonable agreement with the theoretical predictions which can be expressed as 1 D∕r 0 5∕3 −6∕5 . To examine the atmospheric turbulence effects on an OAM beam, we characterized the modal crosstalk by measuring the power of the distorted beam in each OAM mode using an OAM mode sorter [17] . The mode sorter, which consists of two refractive elements, can transform both the phase and intensity of the beam in the form expilφ to give a complex amplitude at the output plane of the form expilx∕a, where a is a scaling parameter [17] . A lens is used to focus these transformed states into specified lateral positions at a CCD placed in its focal plane, allowing for the efficient measurement of multiple OAM states simultaneously [16] . Adjacent equalsize regions are selected on the CCD image, with each region corresponding to a specific OAM mode. The sum of the measured pixel values in each of these regions is proportional to the power of the distorted beam in each OAM mode. Figure 4 depicts the measurement (obtained from the mode sorter) of normalized average power (with respect to the power of transmitted mode) in each detected mode for a transmitted mode l 2, with each data point representing the average of 250 measurements (the exposure time is 2 ms) with the phase plate rotating. In this case, only l 2 is transmitted by programming SLM-1. The theoretical calculation predicted by [8] is also shown. One can see that the experimental points match the previous theoretical prediction [8, 9] . It is also observed that as the turbulence strength increases, the power of transmitted OAM l 2 is leaked to neighboring modes and tends to be equally distributed among modes for stronger turbulence. Note that the power in OAM l n equals the power in OAM l − n, which is not explicitly shown in the figure. To further illustrate this crosstalk behavior, the normalized average powers for l 0 (upper) and l 3 (lower) under different emulated turbulence conditions are plotted in Fig. 5 . The parameters of an equivalent 1 km long real atmospheric link which would produce the same measurement statistics, including Rytov variance σ 2 R , Fresnel number F, and atmospheric structure constantC 2 n , are also given. We can see that the majority of the power is still in the transmitted OAM mode under weak turbulence but it spreads to neighboring modes as the turbulence strength increases. As the divergence of OAM mode is directly related to l, the size of the beam incident on the phase screen plate is larger for OAM l 3, indicating that it will experience stronger turbulence distortions, as shown in Fig. 5 . Figure 6 shows the measured average BER under different turbulence strengths when (1) transmitting only OAM channel l 3, and (2) transmitting three multiplexed OAM channels l 1, 3, 5, to illustrate the crosstalk effects from adjacent channels (for simplification, channels l 1, 5 transmit the same data). It can be seen that the turbulence-induced signal fading and crosstalk degrade the system performance dramatically. The power penalty at a forward-error-correction limit of 1 × 10 −3 is ∼1.3 dB for D∕r 0 0.42, and >7 dB for both D∕r 0 1.93 and 4.88 if OAM l 3 is transmitted, as shown in Fig. 6(a) . In this case, there is no crosstalk from other channels; hence the power penalty is mainly caused by turbulence-induced power fluctuations and the decreased average power received in the channel l 3. When transmitting OAM channels l 1, 3, 5 simultaneously, the average BER of channel l 3 starts to exhibit an error-floor phenomenon as the turbulence strength increases, as shown in Fig. 6(b) . With the strong crosstalk from the adjacent channels l 1, 5, the average BER can barely approach 1 × 10 −3 even at high optical signal-to-noise ratio (OSNR), and the system power penalty is found to be >10 dB for D∕r 0 1.93.
As the phase screen is rotated, the beam passing through it experiences varying wavefront distortion that leads to time-dependent signal fading and crosstalk for the received signal [18] . To exhibit this behavior, Fig. 7 shows the instantaneous BER points of channel l 3 over 60 s at D∕r 0 1.93 in the absence of crosstalk from other channels. One can see that the instantaneous BER fluctuates temporally and the link will experience outage (BER >1 × 10 −3 ) in strong turbulence fading.
In this Letter, we have experimentally studied the performance of an OAM-multiplexed FSO link through atmospheric turbulence. The turbulence effects on the crosstalk and system BER were investigated. The experimental results indicate that turbulence-induced signal fading and crosstalk will significantly deteriorate link performance and cause link outage in strong turbulence. Important future work would be to design an adaptive optics system to optically compensate these turbulence effects on the OAM beams. 
